Abstract: Room-temperature 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid (IL) reduces friction and wear of epoxy resin/AISI 316L stainless steel contacts when used as neat external lubricant. In order to study the internal lubricant performance of IL, variable concentration epoxy+IL dispersions containing 0.5-3.3 wt.% IL were obtained by mechanical mixing and casting. SEM cryofracture and EDS show dispersed rounded IL particles within the epoxy matrix. The new dispersions have slightly lower T g and hardness values than the unmodified resin. Fracture modes and tensile strength are similar for epoxy and epoxy+2.7%IL, although the elongation at break reduces in presence of IL. Pin-on-disc tests show that dry friction coefficients decrease exponentially as the IL proportion increases and wear resistance improves in several orders of magnitude for a critical IL concentration of 2.7 wt.%. Wear mechanisms are discussed on the basis of SEM and AFM observations. The surface modification of the new dispersions gives lower static and dynamic friction coefficients when sliding against steel or polytetrafluoroethylene sheets under mild conditions.
Introduction
There exists a great scientific and technical interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] in the development of new high performance materials for critical engineering applications based on epoxy systems and epoxy matrix composites with enhanced tribological resistance combined with high thermal and chemical stability.
Highly ductile polymers can show a good self-lubricating behaviour, but most glassy polymers, epoxy resins and elastomeric systems do not usually present this selflubricating ability [20] [21] .
The main strategies which have been followed in order to improve the tribological resistance of polymer matrices are the use of internal lubricants and the addition of micro-or nanometer scale fillers. In the case of epoxy resins the presence of a lubricant can be neccessary to reduce the high heat dissipation and interface strains which generates at unlubricated surface contacts. A special case of boundary lubrication via internal lubrication is the addition of low molecular weight species which modify the polymer surface to provide a lubricating boundary layer. We have recently described the enhanced wear [22] [23] [24] and scratch [25] [26] [27] resistance of thermoplastics by the addition of ordered fluids such as monomer liquid crystals (MLCs).
The use of room-temperature ionic liquids (ILs) [28] [29] [30] [31] , another type of ordered fluids, as lubricants [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] is among the many new applications that are being investigated for this family of green solvents. Recent studies have shown that ILs can lower friction and wear in metal-metal [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , metal-ceramic [33, 34] or ceramicceramic contacts [42, 43] . A great attention has also been focused on polymer-ILs interactions [44] [45] [46] [47] [48] . The use of ILs as solvents in polymerization processes has promoted research on their influence on final product properties. It has been found that ILs can act as convenient non-volatile plasticizers when added to thermoplastics such as polymethylmethacrylate (PMMA) or polyvinylchloride (PVC) [44, 45] and can have a hardening effect on epoxy thermosets [46] , but as far as we are aware, only one previous study on the influence of ILs on the mechanical or tribological properties of polymers has been carried out [47] .
We are currently studying the influence of ILs on the properties of thermoplastics and thermosets and their ability to lower friction and wear of polymers against steels. In our previous work [47] , we have described the preparation and tribological properties of new dispersions of ionic liquids in thermoplastics (polystyrene and polyamide 6) matrices.
In the present work we study the tribological properties of the diglycidyl ether of bisphenol A epoxy resin using for the first time an IL (Fig 1) both as neat external lubricant and as internal lubricant in the epoxy-IL dispersions. The room-temperature imidazolium IL (Fig 1) used as lubricant was selected due to the good performance it has shown in previous works. Thus, this IL has been previously investigated as epoxy hardener [46] , as lubricant in metal-metal [40, 41] and polystyrene-steel contacts [47] , and as lubricant additive in new polystyrene-IL dispersions [47] . Preliminary results of the present study has been presented at a conference [48] .
Results and discussion

Epoxy resin/AISI 316 stainless steel IL-lubricated pin-on-disc tests
In order to asses the lubricating ability of neat IL, pin-on-disc lubrication tests were carried out. These results show that IL acts as an effective external lubricant probably due to the polarity and molecular ordering on the sliding surfaces, and are in agreement with those previously obtained for IL lubricated thermoplastic/steel pairs [47] .
Properties of the new epoxy resin+IL dispersions
As many applications require the absence of added external lubricant, the use of IL as an internal lubricant additive is studied by preparing new epoxy resin/IL dispersions as described in the Experimental part.
Once the epoxy resin and epoxy-IL blends are cured, the glass trasition temperatures of the new dispersions are similar to that of the neat epoxy resin, as can be seen in Table 1 . Only the material with the highest IL content (3.3 wt.%) shows a significative T g decrease with respect to the neat resin. Both neat epoxy resin (Fig 5a) and epoxy resin containing 2.7 wt.%IL (Fig 5b) show similar brittle cryofracture surfaces [4] [5] [6] [7] [8] with smooth areas and the presence of fracture steps in the direction of crack propagation. Under higher magnification (Fig  6a and 6b ) the presence of IL dispersed in the resin matrix can be seen as rounded particles. Larger particles have a mean diameter between 2 and 3 μm. The EDS elemental map (Fig 6b) and spectra of one individual IL particle and of the epoxy matrix (Fig 7b and 7c) show that these particles correspond to IL as they contain fluorine in their composition while this element in not present in the matrix.
The possible influence of the dispersed phase on the mechanical properties of the epoxy resin has been studied for the material containing 2.7% IL. As can be appreciated in Table 2 , the addition of IL reduces the elongation at break of the epoxy resin in a 18%. Both materials show a brittle fracture mode (see Fig 8a and 8b) with similar tensile strength. 
Epoxy+IL/AISI 316L pin-on-disc dry friction and wear tests
In order to determine the influence of IL content on the friction and wear of the resin, dry pin-on-disc tests against AISI 316L steel were carried out for the neat resin and for the dispersions containing between 0.5 and 3.3 wt.% IL. The main wear mechanism is that of surface crack propagation in the case of the neat polymer (Fig 11a) , and changes to a more ductile surface deformation mode in the 3.3% IL-modified material (Fig 11b) and to a very mild wear for the epoxy resin modified with the optimum 2.7wt.% IL concentration (Fig 11c) .
This effect of IL variable concentration on the improvement of the tribological properties of epoxy resin is similar to that previously observed for polystyrene/ionic liquid blends [47] , without significantly altering the thermal and mechanical properties of the base epoxy resin. In order to determine the influence of the IL additive on the surface properties of epoxy resin, static and dynamic friction determinations were carried out by sliding against stainless steel and polytetrafluoroethylene (PTFE) polished sheets.
Static and dynamic friction for epoxy+IL/AISI 316L
Static and dynamic friction coefficients for epoxy+3%IL discs sliding against AISI 316L stainless steel and polytetrafluoroethylene (PTFE) sheets are compared with those of the unmodified epoxy resin in Figs. 12a and 12b , respectively.
Under the mild contact conditions used in these tests, the sliding takes place without measurable wear, as no roughness changes are observed on the epoxy surface before and after the tests.
As can be seen in Fig 12a and 12b , the dispersion presents lower static and dynamic friction values than the neat polymer.
This results show that the IL additive not only acts as effective internal lubricant in the presence of wear damage, but also modifies the surface properties of the epoxy resin.
Experimental part
Ionic liquid IL (Fig 1) (purity > 97%) is commercially available from Fluka Chemie (Germany). Starting products for the epoxy resin (Ampreg 22) were manufactured by SP Systems and supplied by JEMG Gazechim Composites (Spain). Bisphenol Aepichlorhydrin (molecular weight < 700) was mixed with 28 wt.% hardener (mix of amines: 2-piperazin-1-ylethylamine; 3,6-diazooctane-1,8-diaminetriethylenetetramine; 3,6-dioxaoctamethylenediamine and 3-aminomethyl-3,5,5-trimethylcyclohexylamine), cured and cast at 60 ºC for 30 min. and then at room temperature for at least 24 hours. Epoxy-IL dispersions were prepared by adding the corresponding proportion of IL and cured under the same conditions described for the unmodified resin.
A Mettler-Toledo DSC 822e was used to determine glass transition temperatures.
Mechanical and tribological tests were carried out at room temperature with a relative humidity of 50 ± 10%.
Hardness values of the polymers were determined with a Leco M-400-T1 microhardness tester and a TH210 Shore D hardness tester.
Tensile tests were conducted under the ASTM D-638 standard with a Hounsfield 2500 KN Universal Testing Machine. Samples were prepared according to ASTM D-256 standard.
Dry and lubricated pin-on-disc tests were carried out according to ASTM G99-03 standard using AISI 316L steel pins with 0.8 mm spherical radius. Epoxy discs for tribological tests had 31 mm diameter and 4 mm height (R a < 0.50 μm). Experimental parameters were: wear track radius = 9 mm; normal load = 0.49 N (lubricated tests); 0.98 N (dry tests); sliding speed = 0.10 ms -1 and sliding distance was 500 m.
Static and dynamic friction coefficients of epoxy+3 wt% IL sliding against AISI 316L and PTFE sheets were determined according to ASTM D 1894-00 standard under a normal load of 3.8 N at a sliding speed of 2.5 mms -1 for a sliding distance of 150 mm.
SEM images and EDS analysis were obtained using a Hitachi S3500N scanning microscope. Differential scanning calorimetry studies were carried out using Perkin Elmer DSC-6 equipment.
